Nodaviruses and other RNA viruses have a profoundly negative impact on the global aquaculture industry. Nodaviruses target nervous tissue causing viral nervous necrosis, a disease characterized by neurological damage, swimming abnormalities, and morbidity. This study used functional genomic techniques to study the Atlantic cod (Gadus morhua) brain transcript expression responses to asymptomatic high nodavirus carrier state and intraperitoneal injection of polyriboinosinic polyribocytidylic acid (pIC). Reciprocal suppression subtractive hybridization (SSH) cDNA libraries enriched for virus-responsive brain transcripts were constructed and characterized. We generated 1,938 expressed sequence tags (ESTs) from a forward brain SSH library (enriched for transcripts upregulated by nodavirus and/or pIC) and 1,980 ESTs from a reverse brain SSH library (enriched for transcripts downregulated by nodavirus and/or pIC). To examine the effect of nodavirus carrier state on individual brain gene expression in asymptomatic cod, 27 transcripts of interest were selected for quantitative reverse transcriptionpolymerase chain reaction (QPCR) studies. Transcripts found to be Ͼ10-fold upregulated in individuals with a high nodavirus carrier state relative to those in a no/low nodavirus carrier state were identified as ISG15, IL8, DHX58 (alias LGP2), ZNFX1, RSAD2 (alias viperin), and SACS (sacsin, alias spastic ataxia of Charlevoix-Saguenay). These and other SSH-identified transcripts were also found by QPCR to be significantly (P Ͻ 0.05) upregulated by pIC compared with saline-injected controls within 72 h of injection. Several transcripts identified in the reverse SSH library, including two putative ubiquitination pathway members (HERC4 and SUMO2), were found to be significantly (P Ͻ 0.05) downregulated in individuals with a high nodavirus carrier state. Our data shows that Atlantic cod brains have a strong interferon pathway response to asymptomatic high nodavirus carrier state and that many interferon pathway and other immune relevant transcripts are significantly induced in brain by both nodavirus and pIC. interferon pathway; innate immune response; functional genomics; suppression subtractive hybridization; polyriboinosinic polyribocytidylic acid VIRUSES THAT ARE MEMBERS of the genus Betanodavirus, within family Nodaviridae, have positive-sense single-stranded RNA
Nodaviruses target nervous tissue causing viral nervous necrosis, a disease characterized by neurological damage, swimming abnormalities, and morbidity. This study used functional genomic techniques to study the Atlantic cod (Gadus morhua) brain transcript expression responses to asymptomatic high nodavirus carrier state and intraperitoneal injection of polyriboinosinic polyribocytidylic acid (pIC). Reciprocal suppression subtractive hybridization (SSH) cDNA libraries enriched for virus-responsive brain transcripts were constructed and characterized. We generated 1,938 expressed sequence tags (ESTs) from a forward brain SSH library (enriched for transcripts upregulated by nodavirus and/or pIC) and 1,980 ESTs from a reverse brain SSH library (enriched for transcripts downregulated by nodavirus and/or pIC). To examine the effect of nodavirus carrier state on individual brain gene expression in asymptomatic cod, 27 transcripts of interest were selected for quantitative reverse transcriptionpolymerase chain reaction (QPCR) studies. Transcripts found to be Ͼ10-fold upregulated in individuals with a high nodavirus carrier state relative to those in a no/low nodavirus carrier state were identified as ISG15, IL8, DHX58 (alias LGP2), ZNFX1, RSAD2 (alias viperin), and SACS (sacsin, alias spastic ataxia of Charlevoix-Saguenay). These and other SSH-identified transcripts were also found by QPCR to be significantly (P Ͻ 0.05) upregulated by pIC compared with saline-injected controls within 72 h of injection. Several transcripts identified in the reverse SSH library, including two putative ubiquitination pathway members (HERC4 and SUMO2), were found to be significantly (P Ͻ 0.05) downregulated in individuals with a high nodavirus carrier state. Our data shows that Atlantic cod brains have a strong interferon pathway response to asymptomatic high nodavirus carrier state and that many interferon pathway and other immune relevant transcripts are significantly induced in brain by both nodavirus and pIC. interferon pathway; innate immune response; functional genomics; suppression subtractive hybridization; polyriboinosinic polyribocytidylic acid VIRUSES THAT ARE MEMBERS of the genus Betanodavirus, within family Nodaviridae, have positive-sense single-stranded RNA (ssRNA) genomes and include fish pathogens that threaten the global aquaculture industry (reviewed in Ref. 26) . Nodaviruses cause viral nervous necrosis (VNN), a disease reported in many species of marine fish including Atlantic cod (13, 15, 19, 36, 43, 26 , and references therein). This disease is characterized by vacuoles in the brain and retina, swimming abnormalities consistent with neurological damage, and morbidity (26, 48) . Atlantic cod that survive the initial exposure to Atlantic cod nervous necrosis virus (ACNNV) can become asymptomatic carriers with the virus residing in the central nervous system and eyes (15) . Our knowledge of how the nodavirus carrier state develops and is maintained in fish, and the factors that trigger a switch from carrier to disease state, is very limited. Understanding these processes is very important with respect to developing improved husbandry and management practices to deal with this economically important disease.
Rise et al. (41) used suppression subtractive hybridization (SSH) cDNA libraries and quantitative reverse transcriptionpolymerase chain reaction (QPCR) for large-scale, antiviral immune transcript discovery and characterization in Atlantic cod spleen following intraperitoneal (IP) injection with the viral mimic polyriboinosinic polyribocytidylic acid (pIC), a synthetic double-stranded RNA (dsRNA). During their study a proportion of the fish were identified as asymptomatic carriers of nodavirus, and it was reported that several pIC-responsive genes (ISG15, DHX58, RSAD2, MHC class I, a small inducible cytokine, and interferon regulatory factors 1, 7, and 10) were not differentially expressed in the spleens of asymptomatic nodavirus carriers compared with noncarrier Atlantic cod (41) . Whether the presence of nodavirus influenced transcript expression in other tissues was not studied (41) . The goal of this study was to identify genes and molecular pathways involved in the Atlantic cod brain response to viruses such as ACNNV. We used reciprocal SSH libraries to identify cod brain transcripts that respond to asymptomatic high nodavirus carrier state and/or IP injection of pIC. In addition, QPCR was used: 1) to compare the expression of selected SSH-identified transcripts in the brains of Atlantic cod individuals with a high nodavirus carrier state to those with a no/low nodavirus carrier state and 2) to study the impact of IP injection of pIC on brain transcript expression in fish classified as no/low nodavirus carriers. This study is part of ongoing research aimed at fully characterizing the Atlantic cod transcriptome (2) and is being conducted as part of the Atlantic Cod Genomics and Broodstock Development Project (CGP, http://codgene.ca). Under-group.
RNA extraction, DNase I treatment, RNA purification, and mRNA isolation. Total RNA extraction, DNase I treatment, RNA cleaning (column purification), and mRNA isolation were conducted as described in Rise et al. (41) and in the on-line Supplemental Materials and Methods.
Suppression subtractive hybridization cDNA library construction. DNase I-treated, column-purified total RNA (10 g per sample) from the brains of pIC-stimulated fish sampled at 2 h (fish 1, 2, 5, 6, 7, and 8), 6 h (fish 1, 3, 4, 5, 6 , and 8), 24 h (fish 2, 3, 4, 5, 6, and 7) , and 72 h (fish 2, 3, 5, 6, 7 , and 8) poststimulation contributed to the pooled total RNA sample that was used to generate the pIC mRNA pool (Supplemental Fig. S1 ). Both high nodavirus carrier and no/low nodavirus carrier fish were used to create the pIC mRNA pool. In contrast, only DNase I-treated, column purified total RNA (15 g per sample) from the brains of UCs in the no/low nodavirus category contributed to the pooled total RNA sample that was used to generate the UC mRNA pool. These fish were sampled at 2 h (fish 2, 4, 6, and 7), 6 h (fish 1, 4, 5, and 6), 24 h (fish 4, 5, 7, and 8) , and 72 h (fish 1, 2, 3, and 4) poststimulation (Supplemental Fig.  S1 ). The pIC-stimulated fish were the tester in the forward subtraction (i.e., enriched for brain transcripts that were upregulated by pIC stimulation and/or high nodavirus carrier state), and the driver in the reverse subtraction (i.e., enriched for brain transcripts that were suppressed by pIC stimulation and/or high nodavirus carrier state); the no/low nodavirus UCs were the driver in the forward subtraction and the tester in the reverse subtraction. SSH library construction (7) was performed as described in Rise et al. (41) and in the online Supplemental Materials and Methods.
DNA sequencing, sequence assembly, and gene identification. DNA sequencing and sequence analysis were performed as described in Rise et al. (41) and in the online Supplemental Materials and Methods. Briefly, with respect to sequence analysis, expressed sequence tags (ESTs) were first trimmed for quality with PHRED (10, 11) with the trim_alt and trim_cutoff fixed at 0.06. These sequences were screened using Paracel Transcript Assembler (PTA; Paracel, Pasadena, CA) to remove ribosomal DNA and mitochondrial sequence, sequences of known contaminants (vector and SSH adaptor) and to mask repetitive sequence and stretches of polyA. Sequences having Ͻ75 bases in addition to the polyA tail were also removed. To remove the adaptor sequences, the terminal 25 bp were removed from each sequence before clustering using PTA and default parameters, with the exception of the cluster threshold parameter. This parameter was set at 100, to allow for more stringent clustering. Both individual sequence reads (singletons) and contiguous (contig) consensus sequences generated by the clustering procedure were processed using an automatic annotation pipeline based on AutoFACT (24) using default parameters with UniProt's UniRef90, NCBI's nr, KEGG, COG, PFAM, LSU, and SSU BLAST databases. Only BLAST hits with a bit score Ͼ40 were considered significant. All EST sequences have been deposited in GenBank dbEST under accession numbers EY968574 to EY972491. AutoFACT summary results are stored in the CGP EST database (http://ri.imb.nrc.ca/codgene/).
Selected contigs and singletons (primarily with immune-relevant functional annotations) identified in the forward and reverse SSH libraries, along with manually collected BLAST results and functional annotations (see Table 1 footnotes), are shown in Tables 1 and 2, respectively.  Complete lists of assembled ESTs in the forward and reverse brain SSH  libraries, including AutoFACT annotations and contributing GenBank  accession numbers, can be found in Supplemental Tables S2 and S3,  respectively. For the sequences included in Tables 1 and 2, manually  collected BLAST (rather than AutoFACT) results are shown in Supplemental Tables S2 and S3, respectively. QPCR. Transcript (mRNA) expression levels of genes identified by SSH cDNA library construction and sequencing were quantified 1 The online version of this article contains supplemental material. Table S3 ).
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The most significant (lowest E-value) BLASTx hit with a gene name (e.g., not "hypothetical", "predicted", or "novel protein") is shown. For the cod cDNA with no significant (E-value
) BLASTx hit (␤2-microglobulin), the most All contigs and singletons from this library, with functional annotations and GenBank accession numbers for contributing ESTs, are shown in online Supplemental Table S3 . All column constructions are as described in Table 1 A singleton in the forward SSH library (accession number EY969130) was also identified as glutathione S-transferase (Supplemental Table S2 ).
A singleton in the forward library (EY969546) was also identified as GABARAP (Supplemental Table S2 ).
3
A contig containing 2 ESTs (EY969482 and EY969813) in the forward library was also identified as Itch (Supplemental Table S2 ). Itch is included in Table 2 because it was shown by QPCR to be downregulated in high nodavirus carriers compared to no/low nodavirus carriers ( Figure 1 ).
by QPCR using SYBR Green I dye chemistry and the 7300 Real Time PCR system (Applied Biosystems, Foster City, CA). Two separate QPCR studies were performed to differentiate between the effects of high nodavirus carrier state and pIC treatment on transcript expression.
The first QPCR study examined the effect of high nodavirus carrier state on the expression of 27 SSH-identified transcripts (Fig. 1 ). Brain RNA samples (a total of n ϭ 8 for both high nodavirus and no/low nodavirus) from the pIC, PBS, and UC 0 h preinjection (i.e., prior to any handling or stimulation) time point were compared based upon . Overall fold upregulation in brains from individuals in the high nodavirus group at 0 h (preinjection control) relative to those from individuals in the no/low nodavirus group at 0 h was calculated as (average RQ for individuals in the high nodavirus group)/(average RQ for individuals in the no/low nodavirus group). Overall fold downregulation (in white font on black background) was calculated as (average RQ for individuals in the no/low nodavirus group)/(average RQ for individuals in the high nodavirus group). *Significant differences (P Ͻ 0.05) between the high nodavirus group and the no/low nodavirus group. nodavirus status. Samples included in this analysis are shown in Supplemental Fig. S1 .
The second QPCR study examined the effect of pIC stimulation on the expression of SSH-identified transcripts that were shown in the first QPCR study to be greater than twofold dysregulated by high nodavirus carrier state (Figs. 2-4 ). In the first part of this study, four immune-relevant transcripts identified in the forward brain SSH library (ISG15, DHX58, RSAD2, and SACS) were subjected to QPCR involving all three conditions (pIC, PBS, UC) and all five time points (0, 2, 6, 24, 72 h) (Figs. 2 and 3) . The individual fish involved in this part of the pIC QPCR study are shown in boxes in Supplemental Fig. S1 . At the 2, 6, 24, and 72 h time points, one individual show the upregulation of these transcripts in samples obtained from the "high intensity nodavirus RT-PCR band" group (marked "ϩ") regardless of treatment or time point. Also, note that in the pIC treated fish, all no/low nodavirus brain samples (marked "Ϫ") had high upregulation (i.e., comparable to "ϩ" brains) of ISG15, DHX58, RSAD2, and SACS transcripts at the 24 and 72 h time points postinjection. For each gene of interest, transcript expression data are presented as RQ normalized to 18S ribosomal RNA and calibrated to the individual with the lowest normalized transcript of interest. Nodavirus RT-PCR band intensity and carrier status (see MATERIALS AND METHODS and Supplemental Fig. S1 ) are indicated using the following symbols: Ϫ (no apparent band or low intensity band), classified as no/low nodavirus. ϩ (high intensity band) and (ϩ) (medium intensity band) classified as high nodavirus. For mean pixel intensities of nodavirus RT-PCR amplicons for individual brain samples involved in this QPCR study, see Supplemental Table S1 . 0 h ϭ preinjection controls. from the UC group was dropped from the plate to allow for the inclusion of a "plate linker sample" that was used to assess interplate variability and ensure that there were no plate-to-plate amplification efficiency differences between QPCR runs. QPCR data from only the no/low nodavirus individuals in the boxed areas of Supplemental Fig.  S1 were used to determine the impact of pIC and PBS (if any) on brain expression of ISG15, DHX58, RSAD2, and SACS at all time points (Fig. 3) . In the second part of this study, 10 additional SSH-identified transcripts (IL8, ZNFX1, B2M, chemokine CXC-like, LOC100137715 protein, STAT1, DTX3, CC chemokine type 2, ADAM 22, and TLR8) were studied by QPCR involving no/low nodavirus individuals in only two conditions (pIC and PBS) and two time points (24 and 72 h) (Fig. 4) . The individuals used in this analysis are indicated in Supplemental Fig. S1 .
Primer sequences are presented in Tables 3 and 4 . Prior to use, each primer pair was quality checked (e.g., shown to have a single peak in the dissociation curve and no primer dimer product in the no-template control). Amplicons were electrophoresed on 2% agarose gels and compared with a 100 bp ladder (Invitrogen) to ensure correct amplicon size. In addition, amplification efficiencies were calculated (37) for both experimental (a pool of 6 high nodavirus samples collected at 0 h) and control (a pool of 6 no/low nodavirus samples collected at 0 h) groups, with the reported value (Tables 3 and 4) being the average of the two. Amplification efficiency was determined using a five-point 1:5 dilution series starting with cDNA corresponding to 10 ng of input total RNA.
For each brain sample, first-strand cDNA was synthesized from 1 g of DNase I-treated, column purified, total RNA as described above. After cDNA synthesis, each 20 l cDNA sample was diluted to 100 l with nuclease-free water (Invitrogen) prior to being used as template for QPCR. QPCR amplification was performed with the 7300 PCR Detection System (Applied Biosystems, Foster City, CA) in a 25 l reaction using 1 l of diluted cDNA (corresponding to 10 ng of input total RNA), 50 nM each of forward and reverse primer and 1X Power SYBR Green PCR Master Mix (Applied Biosystems). Expression levels of the transcripts of interest were normalized to 18S ribosomal RNA. The stability of 18S ribosomal RNA expression in immune stimulated and control Atlantic cod tissues was previously validated in our laboratory (12, 41) . The real-time analysis program consisted of 1 cycle of 50°C for 2 min to activate Amperase uracil N-glycosylase (UNG), 1 cycle of 95°C for 10 min, and 40 cycles of (95°C for 15 s and 60°C for 1 min) with fluorescence detection at the end of each 60°C step. On each plate, for every sample, the target transcript and endogenous control (18S gene) were tested in duplicate (32) . The fluorescence threshold cycle (C T) was determined using the 7300 PCR Detection System SDS Software Relative Quantification Study Application (version 1.2.3, Applied Biosystems) using automated threshold and walking baseline. The relative starting quantity (RQ) of each transcript was determined with this software using the 2 Ϫ⌬⌬CT relative quantification method and assuming 100% efficiencies (28) . Within each transcript of interest, the individual sample with the lowest normalized expression (highest CT value) was set as the reference sample (i.e., calibrator). Overall fold upregulation in high nodavirus carriers relative to no/low nodavirus carriers was calculated as (average RQ for 0 h high nodavirus individuals)/(average RQ for 0 h no/low nodavirus individuals), and overall fold downregulation (where appropriate) was calculated as (average RQ for 0 h no/low nodavirus individuals)/(average RQ for 0 h high nodavirus individuals) (Fig. 1) .
Statistical analyses of QPCR results. Data from the first QPCR study were analyzed with two-sample t-tests using RQ values from samples of no/low nodavirus individuals (n ϭ 8) and high nodavirus individuals (n ϭ 8) collected prestimulation (i.e., at 0 h) (Supplemental Fig. S1 ). P values Ͻ 0.05 (as per the results of separate variance tests) were considered to be significant. Data from the first part of the second QPCR study was analyzed by two-way ANOVA. In addition, one-way ANOVA (for each treatment and sampling time point) combined with Tukey's HSD multiple comparison was used to determine: 1) if, for each treatment (UC, PBS, pIC), sample transcript expression (RQ values) differed significantly (P Ͻ 0.05) between time points and 2) if UC, PBS, or pIC sample transcript expression differed significantly (P Ͻ 0.05) from one another at each individual time point.
Data from the second part of the second QPCR study were analyzed using two-sample t-tests to compare: 1) the effect of sampling time on transcript expression (RQ values) within treatments (PBS, pIC) and 2) the effect of treatment on transcript expression within sampling time points. P values Ͻ 0.05 (as per the results of separate variance tests) were considered to be significant.
All analyses were conducted using Systat 10.2 software (Systat Software, San Jose, CA).
RESULTS
Assessment of nodavirus carrier status. The brain tissue used in reciprocal SSH library construction was obtained from the same group of fish that was used to study transcript expression in spleen following pIC stimulation (41) . These fish were from a single family that exhibited good performance (e.g., good growth and low mortality) but contained individuals that were asymptomatic carriers of ACNNV in their brains as determined by RT-PCR (Supplemental Fig. S1 ). All of the individuals used in this study were assigned to one of two virus-carrier states ("no/low" or "high") based on their mean pixel intensity values for the gel images of their nodavirusspecific amplicon (see MATERIALS AND METHODS and Supplemental Fig. S1 ). In total, 12 out of the 40 fish in the pIC-stimulated group, 9 out of the 40 fish in the PBS-injected control group and 10 out of the 40 fish in the UC group were assigned to the high nodavirus group (i.e., high ACNNV carrier state) (Supplemental Fig. S1 ).
SSH library construction and characterization.
For SSH library construction, we utilized pIC-stimulated brain samples from both virus carrier states (no/low and high nodavirus) and UC brain samples from only the no/low nodavirus carrier state (Supplemental Fig. S1 ). As the "forward" SSH library used a pooled pIC-stimulated brain sample as tester and a pooled UC brain sample as driver (see Supplemental Fig. S1 for individual brain RNA samples contributing to each pool), it was enriched for transcripts that were upregulated by: pIC stimulation, high ACNNV carriage, and stress associated with the injection procedure (net capture, light anesthesia, and tissue trauma/ inflammation). The "reverse" SSH library used a pooled UC brain sample as tester and a pooled pIC-stimulated brain sample as driver (Supplemental Fig. S1 ) and was therefore designed to be enriched for transcripts that were downregulated by: pIC stimulation, high ACNNV carriage, and stress.
We generated 1,938 ESTs (average length 339 bp) from the forward brain SSH library (sb_gmnlbfic in the CGP EST database; http://www.codgene.ca) and 1,980 ESTs (average length 353 bp) from the reverse brain SSH library (sb_gmnlbric). The ESTs in the forward library assembled into 282 contiguous sequences (contigs) and 1,090 singletons (1,372 different putative transcripts), and the ESTs in the reverse library assembled into 184 contigs and 847 singletons (1,031 different putative transcripts).
The deepest contig (i.e., having the highest number of contributing ESTs) in the forward brain SSH library was identified as interferon stimulated gene 15 (ISG15) (75 contributing sequences) ( Table 1, Supplemental Table S2 ). Other contigs in this library with significant similarity to genes with immune-relevant functional annotations included interleukin 8 variant 5 (IL8, 38 ESTs), DEXH (Asp-Glu-X-His) box polypeptide 58 (DHX58 alias LGP2, 23 ESTs), radical Sadenosyl methionine domain-containing 2 (RSAD2 alias vi- Fig. S1 . Within each transcript of interest study (labeled as uppercase for PBS and lowercase for pIC), letters in common indicate no significant difference (P Ͼ 0.05) within the treatments at the different time points postinjection. *Significant differences (P Ͻ 0.05) between the 2 treatment groups at a single time point. Overall fold upregulation in pIC relative to timed PBS controls was calculated as (average RQ for pIC brains)/(average RQ for PBS brains). Overall fold downregulation in pIC relative to timed PBS controls (in white font on black background) was calculated as (average RQ for PBS brains)/(average RQ for pIC brains). The P-value threshold for significance was 0.05 for all QPCR studies. perin, 12 ESTs), ␤2-microglobulin (B2M, 7 ESTs), chemokine CXC-like protein (3 ESTs), signal transducer and activator of transcription 1 (STAT1, 3 ESTs), and CC chemokine type 2 (2 ESTs) ( Table 1, Supplemental Table S2 ). Assembled sequences in the forward library with significant similarity to genes with nervous system disease or development-relevant functional annotations included spastic ataxia of CharlevoixSaguenay (SACS alias sacsin, 7 ESTs) and ADAM metallopeptidase domain 22 (ADAM 22 alias metalloprotease-disintegrin MDC2, 1 EST) ( Table 1, Supplemental Table S2 ). One singleton in the reverse SSH library (accession number EY971066) was also identified as SACS (see Supplemental  Table S3 ). SACS gene defects in humans cause autosomal recessive spastic ataxia of Charlevoix-Saguenay, an earlyonset neurodegenerative disease "characterized by absent sensory-nerve conduction, reduced motor-nerve velocity and hypermyelination of retinal-nerve fibers" (disease information from the Swiss-Prot Protein Knowledgebase).
The deepest contig in the reverse brain SSH library had eight contributing ESTs and 99% identity over 253 aligned nucleotides (E-value ϭ 1e-140) with a sequence identified as "internal transcribed spacer 2 and 28S ribosomal RNA gene" (Squalus acanthias, GenBank accession number AF061800) (Supplemental Table S3 ). Contigs in the reverse library with significant (E-value Ͻ 1e-5) BLASTx similarity to proteins with apoptosis-relevant functional annotations included: BNIP2 motif-containing molecule at the COOH-terminal region 1 (BNIP2, 5 ESTs) and nuclear protein 1 (NUPR1 alias protein p8, 3 ESTs) ( Table 2, Supplemental Table S3) . Contigs in this library with gene names and/or functional annotations suggesting GTP-binding activity or G protein signaling included guanine nucleotide binding protein (G protein), alpha inhibiting activity polypeptide 3 (GNAI3, 4 ESTs), and a member of the RAS oncogene family (Rab-1A, 3 ESTs) ( Table 2 and  Supplemental Table S3 ). Two singletons in the forward SSH library (GenBank accession numbers EY969694 and EY968961) were also identified as Rab-1A (see Supplemental Table S2 ). The translations of two reverse SSH library contigs, each with 3 ESTs, had significant similarity (BLASTx E-values Ͻ 1e-40) to mammalian proteins (HERC4 and SUMO2) that are associated with Gene Ontology (GO) terms "ubiquitin-dependent protein catabolic process" and "protein modification process" ( Table 2, Supplemental Table S3 ). Other contigs or singletons in this library with significant similarity to immune-relevant genes included suppression of tumorigenicity protein 18 (ST18, 3 ESTs), Nedd4 family-interacting protein 1 (NDFIP1 alias putative NF-B-activating protein 164, 2 ESTs), and Toll-like receptor 8 (TLR8, 1 EST) ( Table 2, Supplemental  Table S3 ). A singleton in the forward SSH library (EY969889) was also identified as NDFIP1 (see Supplemental Table S2 ). While our forward brain SSH library contains 5 MHCI-like singletons (Supplemental Table S2 ), our reverse brain SSH library did not contain any sequences identified as MHCI (Supplemental Table S3 ). 
GGACATTTAAGGGCGTCTCA
1 Primer direction: "f" and "r" denote forward and reverse primers, respectively. "Primer name" was based on initial identification, and "gene name" corresponds to the final BLAST identification collected on November 5, 2008 (see Table 1 footnotes) as shown in Table 1 . The current best BLASTx hit (not including "predicted" proteins) for the cod contiguous sequence initially identified as "Stonustoxin" is LOC100137715 protein (Xenopus laevis). DHX58 and LGP2 are synonyms. For other synonyms or aliases of genes or proteins in this table, see Table 1 and Table 1 footnotes. 2 See MATERIALS AND METHODS for information on the standard curves used to determine amplification efficiency. 3 These primers were designed from cod contiguous sequences identified in a spleen forward SSH library designed to be enriched for transcripts upregulated by pIC (41) . 4 These primers were designed from a cod contiguous sequence identified in a spleen forward SSH library designed to be enriched for transcripts upregulated by bacterial antigens (12) .
QPCR analysis of brain gene expression response to asymptomatic high nodavirus carrier state.
We utilized QPCR to examine whether the high nodavirus carrier state had an effect on the brain expression of 27 SSH-identified transcripts (Fig.  1) . As mentioned previously, the fish in pretreatment (0 h) samples that were identified as high nodavirus carriers were compared with those identified as no/low carriers. Of the 13 transcripts selected from the forward brain SSH library (Tables  1 and 3 , Fig. 1, A-M) , 12 were significantly (P Ͻ 0.05) upregulated in individuals from the high nodavirus group compared with individuals from the no/low nodavirus group. ISG15 exhibited the highest overall fold upregulation (260.2-fold) in the high nodavirus group relative to the no/low nodavirus group, followed by RSAD2 (139.3-fold), DHX58 (77.0-fold), zinc finger, NFX1-type containing 1 (ZNFX1, 35.9-fold), IL8 variant 5 (27.6-fold), and SACS (23.7-fold). These six transcripts also represented some of the deepest contigs (containing at least 7 ESTs) in the forward brain SSH library (Table 1, Supplemental Table S2 ). Interestingly, one transcript from the forward SSH library (ADAM 22, represented by a single EST) was found to be significantly (P Ͻ 0.05) downregulated (1.4-fold) in individuals from the high nodavirus group (Fig. 1M) .
Of the 14 transcripts selected from the reverse brain SSH library for QPCR (Tables 2 and 4 , Fig. 1, N-AA) , 10 transcripts [BNIP2, adaptor-related protein complex 2 mu 1 subunit (Ap2m1), glutathione S-transferase, leucine-rich repeat-containing protein LOC400891, HERC4, ST18, SUMO2, NUPR1, NDFIP1 and ITCH] were significantly (P Ͻ 0.05), but subtly (1.2-to 1.8-fold), downregulated in individuals from the high nodavirus group compared with those from the no/low nodavirus group. Of the 14 transcripts tested from the reverse SSH library, one transcript (TLR8) was found to be significantly (P Ͻ 0.05) upregulated (7.0-fold) in the high nodavirus group (Fig. 1N) .
QPCR analysis of brain gene expression response to pIC stimulation. Four immune-relevant genes identified in the forward SSH library (ISG15, DHX58, RSAD2, and SACS), which were shown in the QPCR analysis of brain gene expression response to asymptomatic high nodavirus carrier state to be highly upregulated in the high nodavirus group compared with the no/low nodavirus group, were subjected to QPCR using brain tissues from all treatment groups (pIC, PBS, UC) and time points (0, 2, 6, 24, 72 h) (Figs. 2 and 3) . For details on the individual fish involved in this study, see Supplemental Fig. S1 . Within the undisturbed and saline-injected control groups, all 14 individuals with high intensity nodavirus RT-PCR bands ( Fig. 2 and Supplemental Fig. S1 ) showed higher levels of expression of these transcripts at all time points compared with individuals that were classified within the no/low nodavirus group and those that had medium-intensity nodavirus RT-PCR amplicon bands. Within the pIC-stimulated group this pattern was maintained for individuals sampled at the 0 and 2 h time points, including the single individual at 2 h that had medium intensity nodavirus banding. This expression pattern was not maintained for pIC-stimulated individuals collected at 6, 24, and 72 h (Fig. 2) . To statistically analyze the effect of pIC stimulation on transcript expression, individuals Table 4 
. Primers used in QPCR studies of transcripts identified in the reverse brain SSH library
Primer Name Sequence (5=-3=) Gene Name Efficiency, % with medium intensity "(ϩ)" and high intensity "ϩ" nodavirus RT-PCR bands were excluded from the analysis (Fig. 3) . We used QPCR data from 88 individuals in the no/low nodavirus group (29 from the UC group, 31 from the PBS group, and 28 from the pIC group) to evaluate the effects of pIC-stimulation and PBS injection on the expression of ISG15, DHX58, RSAD2, and SACS (Fig. 3) . For these four transcripts of interest, there were no significant (P Ͻ 0.05) changes in transcript expression in brains from UC fish over the course of the study (Fig. 3) . Injection with PBS resulted in a significant down-regulation (3.5-fold, relative to 0 h) of DHX58 at the 72 h postinjection time point (Fig. 3B) . With the exception of DHX58, where the 6 h pIC versus 6 h PBS control comparison was not significant, all four transcripts were significantly upregulated by pIC at 6, 24, and 72 h relative to UC and PBS controls (Fig. 3) . The highest levels of expression of all four transcripts occurred at the 24 h time point (ISG15: 404.8-fold; RSAD2: 300.7-fold; DHX58: 48.1-fold; SACS: 33.4-fold, all relative to 0 h controls) (Fig. 3) . ISG15, RSAD2 and SACS remained significantly (P Ͻ 0.05) upregulated by pIC at the 72 h time point compared with 0 h (Fig. 3, A, C, and D) . ISG15 and RSAD2 were upregulated (8.3-fold and 3.4-fold, respectively), although not significantly (i.e., P Ͼ 0.05), by pIC at the 6 h time point compared with 0 h controls (Fig. 3, A and C) .
To summarize, all brain samples with high intensity nodavirus RT-PCR bands had high upregulation of ISG15, DHX58, RSAD2, and SACS transcripts regardless of treatment (UC, PBS, pIC) or time point (Fig. 2) . In the pIC-treated fish, all no/low nodavirus brain samples had high upregulation (i.e., comparable to that seen in brains with high intensity nodavirus RT-PCR bands) of these four transcripts at the 24 and 72 h time points (Figs. 2 and 3) . Therefore, ISG15, DHX58, RSAD2, and SACS transcripts are all strongly upregulated by both high nodavirus carriage and IP pIC stimulation.
Expression of 10 additional SSH-identified transcripts [IL8, ZNFX1, B2M, chemokine CXC-like, LOC100137715 protein, STAT1, deltex homolog 3 (DTX3), CC chemokine type 2, ADAM22, and TLR8] was studied by QPCR at 24 and 72 h time points in brains of no/low nodavirus fish that were either pIC-stimulated or injected with PBS (Fig. 4, Supplemental Fig.  S1 ). Six of these transcripts (ZNFX1, B2M, chemokine CXClike, LOC100137715 protein, STAT1, and TLR8) were significantly upregulated in the brains of pIC-stimulated individuals relative to PBS controls at both time points (Fig. 4, B-F, J) . Of these, three transcripts (ZNFX1, chemokine CXC-like, and LOC100137715) had their highest pIC-induced expression at the 24 h time point, two transcripts (STAT1 and B2M) had their highest pIC-induced expression at the 72 h time point, and one transcript (TLR8) had approximately the same level of induction at both time points (Fig. 4) . Transcript expression of IL8 and ADAM22 was significantly upregulated in brains from pIC-stimulated fish compared with the PBS-injected controls at 24 h (Fig. 4, A and I) . CC chemokine type 2 was significantly upregulated by pIC-stimulation at 72 h (Fig. 4H) . Although transcript expression of the CC chemokine type 2 at 24 h and DTX3 at both 24 h and 72 h was elevated in pIC-stimulated brains, these levels were not significantly different from the corresponding PBS controls (i.e., P Ͼ 0.05) due to high biological variability (Fig. 4, G and H) . For pIC-treated brain samples, five transcripts had significantly differential expression between the 24 h and 72 h time points with three transcripts more highly expressed at 24 h (IL8, chemokine CXC-like, and ADAM 22) and two transcripts more highly expressed at 72 h (B2M and STAT1) (Fig. 4, A, C, D, F, and  I) . One transcript (ADAM22) had significantly differential expression between the 24 h and 72 h PBS brain samples, with significantly higher expression at 24 h (Fig. 4I) .
DISCUSSION
Major threats to successful commercial-scale production of Atlantic cod are present in the form of diseases caused by viral and bacterial pathogens (43) . Nodavirus is of particular concern in Atlantic cod culture as this virus has caused large-scale disease outbreaks in hatchery-reared cod (13, 19, 36) . Nodaviruses are positive-sense, single-stranded RNA viruses that infect and replicate within the central nervous system causing disease and, when not fatal, result in the establishment of asymptomatic carriers. Based on the replication cycle of other nodaviruses (51), it is thought that ACNNV and other betanodaviruses produce dsRNA intermediates during replication (41) . The pathological changes associated with asymptomatic, chronic subclinical nodavirus infection of the central nervous system of Atlantic cod include cell degeneration, cell death, and inflammation (15) . We were interested in understanding the relationship between nodavirus and Atlantic cod, including how nodavirus carrier states develop and are maintained and the triggers that result in a switch from the carrier to the disease state. To this end we have used a functional genomics approach to identify and characterize transcripts involved in the immune response of Atlantic cod to the dsRNA viral mimic pIC and ACNNV (41, present study).
In this study RT-PCR was used as a diagnostic test for the presence of ACNNV in brains of individual fish. The method is used in the routine monitoring of Atlantic cod for ACNNV in our laboratories (13, 19) . As there is no way to ensure that all low-level carriers of ACNNV have been identified, we have classified them into no/low nodavirus and high nodavirus groups rather than as noncarriers and carriers.
The deepest contig in the forward brain SSH library was identified as ISG15, which was previously identified as an abundant transcript in the Atlantic cod spleen following stimulation with pIC (41) . Other common transcripts identified during the current study include IL8, DHX58 (LGP2 in 41), RSAD2 (viperin in 41), B2M, and MHC class I. Of these, IL8, DHX58, RSAD2, and MHC class I were reported as common in pIC-stimulated spleen (41) . Members of the interferon regulatory transcription factor (IRF) family are known to be important in the immune response of neurological tissues of higher vertebrates to RNA viruses (5, 16, 20, 34) . Although IRF family member transcripts were relatively common and highly expressed in the pIC stimulated spleen (41) , none were identified during our brain SSH library sequencing. This may be due to the smaller number of sequences that we obtained from the brain forward SSH library (1, 938 ESTs) compared with the spleen forward SSH library (3,005 ESTs) (41) . Dios et al. (8) , who obtained a total of only 365 ESTs from SSH libraries constructed using RNA from the brains of sea bream collected at 1 day postchallenge with nodavirus, also did not identify any members of the IRF family.
As mentioned previously, the mechanisms by which asymptomatic, chronic subclinical infections (i.e., carrier states) of nodavirus are maintained within the central nervous system of Atlantic cod and other fish species are poorly understood. During replication of betanodaviruses a subgenomic RNA segment (RNA3) encodes two small proteins (B1 and B2) that are important in survival and replication (reviewed in Ref. 45) . Protein B2 has a dual role in viral replication as it is able to silence RNA interference as well as induce host cell death. In Atlantic halibut (Hippoglossus hippoglossus) and Atlantic cod with chronic nodavirus infections, the B2 protein is not expressed, indicating the lack of an active infection (30) . Type I interferons (IFN) are important defense molecules that generate an intracellular environment that restricts viral replication, as well as regulate the adaptive immune response (17) . To identify components of the immune system that may play a role in maintaining the asymptomatic carrier state, we compared the levels of expression of 27 SSH-identified transcripts in the brains of unstimulated, asymptomatic nodavirus carriers (high vs. no/low nodavirus groups) using QPCR. These results clearly demonstrate that asymptomatic high nodavirus carrier state has a significant impact on the Atlantic cod brain transcriptome. Of the transcripts selected from the forward SSH library, 12 out of 13 were found to be expressed at significantly higher levels in individuals from the high nodavirus group compared with those from the no/low nodavirus group. These transcripts included ISG15, RSAD2, DHX58, ZNFX1, SACS, and B2M. Elevated levels of immune-relevant gene expression in high nodavirus carriers may be limited to the central nervous system, as we have previously demonstrated that ISG15, RSAD2, DHX58 were not differentially expressed in the spleens of asymptomatic nodavirus carriers compared with noncarrier Atlantic cod (41) . Of the highly expressed transcripts in the brains of nodavirus carriers, ISG15 and RSAD2 play major roles in IFN-induced antiviral states and have demonstrated antiviral activity in higher vertebrates (27, 55) . The intracellular DEX(D/H) box helicase DHX58 is a member of a family of cytoplasmic sensory molecules termed RIG-Ilike receptors. There is evidence that DHX58 plays an important role in the response to viruses through regulation of the antiviral signaling of the receptor RIG-I (retinoic acid-inducible gene I alias RARRES2), which it inhibits, and the receptor IFIH1 (interferon induced with helicase C domain 1 alias MDA5), which it augments (22, 38) . It is also possible that DHX58 has other roles in protection against viruses but these are poorly defined (38, 49) . The role that DHX58 plays in the maintenance of the betanodavirus carrier state is unknown, and unfortunately, it is the only member of this group that has been identified in Atlantic cod. In high nodavirus carrier cod brains it is possible that DHX58 transcription may augment the IFIH1 receptor, which is known to recognize viruses from other families that have the same genomic structure as the betanodaviruses (reviewed in Ref. 38) .
Significantly elevated levels of mRNA expression for the interferon-stimulated transcription factor STAT1 were reported in asymptomatic individuals in the high nodavirus group compared with the no/low nodavirus group. A subset of interferon stimulated genes that includes STAT1 and ISG15 has been previously reported to be significantly upregulated in the brains of mice that have a persistent infection with the RNA virus lymphocytic choriomeningitis virus (25) . This study also reported significant upregulation of brain B2M expression as reported in our study for asymptomatic individuals in the high nodavirus group. Knowledge of the roles that MHC class I and B2M play in the central nervous system's response to virus is very limited (17) .
DTX3, a gene that is involved in Notch signaling and regulation of neurogenesis in vertebrates (21) , was expressed at significantly higher levels in the brains of individuals in the high nodavirus group compared with those in the no/low nodavirus group. SACS (sacsin), the cod putative ortholog of a human gene associated with spastic ataxia (9) and an Atlantic salmon (Salmo salar) gene that is upregulated in macrophagelike cells exposed to infectious salmon anemia virus (ISAV, a negative-sense, single-stranded RNA virus) (50), was significantly upregulated by both nodavirus and pIC. TLR8 transcript levels were also significantly induced by high nodavirus carrier status (ϳ7-fold upregulated in the high nodavirus group compared with the no/low nodavirus group) and pIC (ϳ2-fold upregulated compared with saline-injected controls). Since ssRNA is a known TLR8 ligand (18) it is not surprising that nodavirus, which is a ssRNA positive-strand virus, induces TLR8 at the transcript level. It is interesting that pIC also upregulates cod TLR8 transcript, though to a lesser degree than nodavirus.
Our QPCR studies of transcripts identified primarily in the reverse brain SSH library showed that asymptomatic high nodavirus carrier state significantly downregulated the constitutive expression of 10 out of the 14 genes studied. These included transcripts with significant BLASTx similarity to proteins with functional annotations related to apoptosis or programmed cell death (BNIP2, NUPR1), ubiquitination (HERC4, SUMO2, and ITCH), vesicle-mediated transport (AP2M1), glutathione transferase activity (glutathione S-transferase), transcription factor activity (ST18), and signal transducer activity (NDFIP1). Of these genes, only ITCH has been previously reported from Atlantic cod (12) . ITCH is involved in Notch-mediated and other signaling pathways, and a growing number of studies provide evidence for the role of ITCH in immune regulation (reviewed in 29). In addition, ST18 has been recently reported to be involved in the regulation of mRNA levels of proapoptotic and proinflammatory genes (52) . Whether downregulation of these genes is necessary for the maintenance of nodavirus carrier state is unknown. A recent SSH-based study of the sea bream (Sparus aurata) brain gene expression response to nodavirus infection identified and QPCR validated one interferon pathway gene IFIH1 (alias Mda5) and a gene encoding ubiquitin conjugating enzyme 7 interacting protein as being upregulated by the virus (8) . The authors speculate that both of these genes may be involved in apoptosis, which may play a role in the degeneration of brain, spinal cord, and retina tissues in nodavirus-infected sea bream (8) . Unlike the sea bream study, we found that multiple cod brain transcripts potentially involved in apoptosis (BNIP2, NUPR1) and ubiquitination (HERC4, SUMO2 and ITCH) were subtly (Ͻ2-fold), but significantly, downregulated in asymptomatic high nodavirus carriers. Although there are limited data available for comparison, it is likely that differences between these two studies may be attributed to the different states that were studied. Dios et al. (8) examined brain gene expression 1-7 days postinfection (DPI), whereas we examined Atlantic cod in the carrier state. There is one other report on the effects of nodavirus infection on patterns of brain gene expression. Poisa-Beiro et al. (39) examined the effects of nodavirus challenge on the expression of Mx, interleukin 1-beta (IL-1␤), and tumor necrosis factor alpha (TNF-␣) in the brain and head kidney of sea bass (Dicentrarchus labrax) and sea bream at 1, 3, and 7 DPI. At 3 DPI they reported significantly higher levels of expression in the brain compared with the other time points. They also demonstrated that the timing of the response differed between the two tissues, with the highest level of gene expression for all three genes occurring earlier in the kidney (1 DPI). The transcriptional response of higher vertebrates to virus is known to differ between diseased and carrier states (47) . A full understanding of the effects of nodavirus infection on the brain transcriptional responses of Atlantic cod or other fish species will require the analysis of a time series of samples obtained throughout the development of the disease and carrier status. By monitoring nodavirus B2 protein production, host transcriptional responses could be related to viral status.
Stimulation with the viral mimic pIC is known to induce the transcription and synthesis of IFNs, which regulate large numbers of IFN pathway genes through activation of the Janus kinase/signal transducer and activator of transcription (JAK/ STAT) signal transduction pathway. In addition, pIC also regulates the expression of several dsRNA-stimulated genes without the involvement of IFN (14, 41, 42) . The TLRs and other TLR-signaling pathway proteins (e.g., TRIF, IRF3, and IRF7) are highly conserved in fish and mammals (Ref. 40 and references therein). Both ssRNA and dsRNA serve as physiological ligands of mammalian TLRs with ssRNA recognized by mouse TLR7 and human TLR8 and dsRNA recognized by TLR3 (1, 18) . pIC has been widely used to identify and validate genes that are important in the response of fish and other animals to viruses (35, 41, 46, 56) . In the case of Atlantic cod, pIC has been used in the identification of many immunologically relevant genes (6, 41, 44) . In this study, we examined the brain transcriptional response to pIC stimulation in a subsample of fish that were from the no/low nodavirus group and were from the same group of fish used in a previous study on the cod spleen transcript expression response to pIC (41) . In the spleen, viral carrier status did not influence the constitutive (background, nonstimulated) expression of immune-relevant transcripts involved in this study, and there was no apparent correlation between nodavirus carrier status and pIC-induced transcript expression (41) . For this reason, Rise et al. (41) included both carrier and noncarrier fish in their analysis of spleen transcript expression. However, there is evidence for higher vertebrates that suggests that asymptomatic carriers of viruses may differ in their immune responses from noncarriers (25, 54) . In our current study, we identified significant differences between high nodavirus carriers and no/low nodavirus carriers with regards to the expression of immune-related transcripts in the brains of unstimulated fish. With respect to stimulation with pIC, expression levels of ISG15, DHX58, RSAD2, and SACS transcripts increased markedly at 24 h post-IP injection in individuals from the no/low nodavirus group, to levels comparable to those seen in the individuals with high intensity nodavirus RT-PCR bands. For this reason, individuals that were classified in the high nodavirus group were excluded from our analysis of pIC effects on brain transcript expression.
Although there are a few scattered reports of immune-related gene expression in the brains of fish following pIC-stimulation, this report involves the largest set of ESTs from fish cDNA libraries designed to be enriched for pIC-responsive brain transcripts. In this study, stimulation of fish in the no/low nodavirus group with pIC generally caused significant increases in brain antiviral gene expression compared with noninjected controls. Three of the genes we examined (ISG15, DHX58, and RSAD2) are in common with the study of Rise et al. (41) . In the spleen, ISG15 and DHX58 had their highest level of expression at the last time point examined (24 h post-pIC stimulation) and RSAD2 had its highest level of expression at 6 h (41). In the present study ISG15, DHX58, and RSAD2 all had their highest level of expression at 24 h, and maximum fold upregulation (relative to 0 h preinjection controls) of all three genes was higher in the brain compared with the spleen (41) . Stimulation with pIC resulted in significant increases in expression of three chemokines including members of the CXC family (IL8 and chemokine CXC-like) and the CC family (CC chemokine type 2). There is a paucity of data on the response of brain and/or other components of the central nervous system to stimulation with pIC. Intraperitoneal administration of pIC has been used as a model in mice for studying sickness behavior caused by acute phase viral infections (4, 23) . In these studies, pIC was reported to induce a variety of cytokines including interleukin 6 (IL-6), IL-1␤, TNF-␣, IFN-␤, CXCL2 chemokine and CCL2 chemokine, and most genes had their highest levels of expression between 3 and 6 h poststimulation. However, some cytokines such as TNF-␣, IFN-␤, CXCL2, and CCL2 showed maximum expression at 24 h, which was the last time point sampled. In this study each brain tissue sample contained tissues from the different brain regions. This may have had some effect on the magnitude of gene expression reported as Konat et al. (23) showed that different regions of the rat brain had different levels and to some extent different timing of gene expression.
Numerous authors have demonstrated that prophylactic treatment with pIC offers protection to fish against challenge with a wide variety of viruses including nodavirus, although the mechanism of this protection is not fully understood (Ref. 31 and references therein). Das et al. (6) examined the induction of Mx protein in Atlantic cod following injection with pIC using antibodies generated against Atlantic salmon Mx protein. These authors reported large increases in Mx protein over the period that they studied (2, 3, and 4 DPI). In orange-spotted grouper (Epinephelus coioides) fin cells (cell line GF-1), overexpression of Mx protein has been demonstrated to block nodavirus replication and is important in the antiviral state induced by pIC (3). Unfortunately, the genes coding for Atlantic cod IFN-␣, IFN-␤, Mx, and several other key antiviral IFN-stimulated genes have not been identified in our EST studies. However, based on the patterns of transcript expression reported in this study, as well as those in Rise et al. (41) and Das et al. (6) , it appears that the pathways responsible for maintenance of the viral carrier state and for the protective response of pIC are shared with other species of fish as well as higher vertebrates.
In summary, many of the Atlantic cod transcripts identified in our forward brain SSH library, and most of the transcripts identified in our reverse brain SSH library are reported for the first time in the current study. Our brain SSH libraries were highly enriched for virus-responsive brain transcripts, as evidenced by the QPCR results. The ESTs from these libraries, and associated QPCR assays, represent important new genomics resources for understanding the gene expression responses of the vertebrate brain to viruses that infect the central nervous system. The functional annotations of the informative transcripts arising from this study provide valuable insight into the molecular pathways that respond in the brains of high nodavirus carriers and/or in the brains of individuals receiving systemic viral mimic (pIC) stimulation and will lead to new hypotheses regarding the nature of the interactions between vertebrate hosts and RNA viruses. In addition, this knowledge may facilitate the development of effective vaccines and other strategies to combat nodavirus infections. Ødegård et al. (33) recently used nodavirus challenge testing to show that two genetically distinct groups of Atlantic cod differed greatly in their susceptibility to VNN and that within-strain heritability of surviving the pathogen challenge was extremely high. Since there appears to be a strong genetic component to cod susceptibility to VNN (33) , it is possible that our discovery and validation of antiviral cod brain transcripts may lead to the identification of molecular targets (e.g., single nucleotide polymorphisms in exons, introns, and/or regulatory regions of antiviral genes) that may be useful for selecting aquaculture broodstock that are resistant to nodavirus.
